Abstract The Global Positioning System (GPS) performance at high latitudes can be severely affected by the ionospheric scintillation due to the presence of small-scale time-varying electron density irregularities. In this paper, an improved analogous phase scintillation index derived using the wavelet-transform-based filtering technique is presented to represent the effects of scintillation regionally at European high latitudes. The improved analogous phase index is then compared with the original analogous phase index and the phase scintillation index for performance comparison using 1 year of data from Trondheim, Norway (63.41 ∘ N, 10.4 ∘ E). This index provides samples at a 1 min rate using raw total electron content (TEC) data at 1 Hz for the prediction of phase scintillation compared to the scintillation monitoring receivers (such as NovAtel Global Navigation Satellite Systems Ionospheric Scintillation and TEC Monitor receivers) which operate at 50 Hz rate and are thus rather computationally intensive. The estimation of phase scintillation effects using high sample rate data makes the improved analogous phase index a suitable candidate which can be used in regional geodetic dual-frequency-based GPS receivers to efficiently update the tracking loop parameters based on tracking jitter variance.
Introduction
The electron density irregularities in the ionosphere causes amplitude and phase fluctuations in the signals transiting the ionosphere which result in signal degradation and may lead to loss of lock in the GPS (Global Positioning System) receiver if the amplitude and/or phase fluctuations, also termed ionospheric scintillation, are deep, frequent, and of sufficient time duration. The scintillation effects are rather more severe, particularly at high latitudes [Aarons, 1997; Doherty et al., 2000; Skone et al., 2008 Skone et al., , 2009 Tiwari et al., 2010 Tiwari et al., , 2011a and also near equatorial latitudes [Aarons, 1977; Xu et al., 2012] during a geomagnetic storm. Ionospheric scintillation can be classified as amplitude scintillation quantified by the S 4 index (unitless) and phase scintillation index (measured in radians). Amplitude scintillations are more likely to occur at low-latitude regions ( ±15 ∘ geomagnetic latitude) and are caused when a signal passing through the irregular electron density in the ionosphere experiences small-angle scattering [Aarons, 1997; Kintner et al., 2007] . Phase scintillation, on the other hand, is more dominant at high latitudes and the polar caps [Kersley et al., 1988; Tiwari et al., 2010] , can last for long periods of time, and may lead to loss of phase lock within the receiver [Datta-Barua et al., 2003; Seo et al., 2009; Knight, 2000] . Phase scintillations are produced near the first Fresnel radius (r F ∕ √ 2) at small wave numbers [Kintner et al., 2007] where r F = √ 2 z is the Fresnel radius (z is the distance between the ionosphere irregularities and receiver; is the wavelength). The spectrum of the received phase deviations based on the phase screen approximation [Beach and Kintner, 1999] Φ P (q) can be given as
where q is the horizontal wave number of the phase fluctuations across the phase screen, Φ (q) is the power spectrum of the phase exciting the phase screen, and represents the phase deviations. In equation (1), the phase deviations on a phase screen may approximately be estimated by the fast time variations of the total electron content (TEC) present along the signal path through the time derivative of TEC where R E is the radius of the Earth (6378.1 km) and h IPP is the ionospheric pierce point (IPP) height considered as 350 km. Several researchers [Basu et al., 1999; Krankowski et al., 2005; Guozhu et al., 2008] have shown a strong correlation between the scintillation indices and the rate of change of TEC (ROT), and therefore ROT has been used extensively to relate the phase fluctuations with the TEC variations due to ionospheric irregularities. A very good overview of the scintillation activity based on TEC variations is given by Prikryl et al. [2013] where the author has generated maps of the TEC activity using Canadian High Arctic Ionospheric Network GPS receivers at various latitudes and a comparison is also made by estimating the phase scintillation intensity using the phase scintillation index derived using the 50 Hz data and a proxy index derived using the 1 Hz data. Ghoddousi-Fard et al. [2013] suggested that based on their availability, the regionally based geodetic receivers operating at 1 Hz could be far better to study the ionospheric scintillation activity. In this regard, Tiwari et al. [2013] used the TEC-based observations from dual-frequency GPS receivers to design a new TEC-based phase scintillation index a which appeared to be a good candidate to represent the phase scintillation activity for European high latitudes and can serve as a substitute for the phase scintillation index due to the shown strong correlation between a and . The main advantage of using a is that it uses time and spatial variations of TEC at 1 Hz using the dual-frequency (L1 and L2) GPS observations to represent the phase deviations compared to the ordinary scintillation receivers which employ low sample rate data (50 Hz) for quantifying the phase scintillation values. The a can be conveniently used in software GPS receivers for estimating the tracking error variance to update the tracking loop parameters.
In this paper, an improved analogous phase scintillation index w a is proposed by using a wavelettransform-based filtering. The performance of the proposed index is verified by using data from one of the receiver stations from European high latitudes to use this index to represent the regional phase scintillation activity. In future, this index can be used regionally at European high latitudes to mitigate the phase scintillation effects on GPS receivers if used to estimate the tracking error variance. This paper is divided into two main Space Weather 10.1002 sections. In the first section, the wavelet-transform-based filtering is used to propose the improved analogous phase index w a , and in the second part, its performance is validated by using the GPS data under different geomagnetic conditions and is then compared with the original analogous phase index a and the phase scintillation index .
Improved Analogous Phase Index
In Tiwari et al. [2013] , the analogous phase index is given as
where ( (M) , v p ) is the weight function in equation (9) used to achieve independence from the elevation angle by assuming a single-layer ionosphere. The ( (M), v p ) is a function of (M) and the IPP velocity V p . The (M) is the mapping function between two consecutive epochs i and i + 1 given in equation (10).
where
In equation (9), S is the distance of the slant path from the receiver to the phase screen. Referring to equation (8) 
where M = 1∕M(E). In equation (11), the VTEC ′ depends on the partial derivative of TEC with respect to time t and distance x where x is the horizontal motion of IPP toward x. In equation (11), a second-order Butterworth high-pass filtering (HPF) with a cutoff frequency of 0.1 Hz was used to remove the slower fluctuations due to the slowly varying background ionosphere, satellite and receiver clock errors, Doppler shift, etc. It is mentioned by several researchers [Forte, 2005 [Forte, , 2007 Mushini et al., 2012] that the phase scintillation indices at high latitudes are sensitive to filtering using time-invariant digital high-pass filters and hence result in overestimation or underestimation of the scintillation values. Usually, the actual cutoff frequency should be based on the Fresnel frequency
, but it is difficult to calculate the value of the irregular drift velocity V r and z at every given location . Therefore, most Global Navigation Satellite Systems Ionospheric Scintillation and TEC Monitor (GISTM) receivers use a cutoff frequency of 0.1 Hz which was first used for detrending the GPS data at middle and low latitudes [Van Dierendonck et al., 1993; Van Dierendonck and Arbesser-Rastburg, 2004] and later used in scintillation receivers for quantifying the scintillation indices (amplitude and phase).
Forte [2005, 2007] and Mushini et al. [2012] have highlighted the problem of using high and low cutoff frequencies in dealing with raw GPS data and discussed this in detail. It was indicated by Forte [2005] that the drift velocity of the electron density irregularities at high latitudes can be much higher than at low latitudes and hence much higher Fresnel frequencies can be encountered at high latitudes. Therefore, using a default cutoff frequency of 0.1 Hz may not be appropriate to represent the true scintillation events for high-latitude data. On the other hand, several case studies were also presented in Forte [2005, 2007] , where it is shown that using a high cutoff frequency would result in a wrong interpretation of the scintillation values. A new scintillation index S was also proposed by Forte [2005] in which phase was detrended using high-pass filter with cutoff frequencies greater than 0.1 Hz and scintillation values were estimated using the standard deviation of phase rate of change over a 1 min interval. This S index was then found to be a reliable index for representing phase variations at high latitudes.
In order to obviate the use of a HPF, several researchers Mitchell, 2007, 2009; Tiwari et al., 2011b; Mushini et al., 2012; Niu et al., 2012] have successfully used the wavelet transform in signal detrending for determining the amplitude and phase scintillation indices using single frequency GPS L1 raw observations at 50 Hz. In this regard, a new scintillation index CHAIN was also proposed by Mushini et al. [2012] using wavelet filtering.
The main problem in using the wavelet transform as a filtering technique for determining the scintillation indices ( , S 4 , CHAIN , and S ) is the use of low sample rate data (e.g., 50 Hz) which may not be optimum due to the high computational cost involved in the wavelet transform. Since a uses high sample rate values (1 Hz), this is not such a problem in case of the analogous phase index a . Therefore, in deriving a we used a wavelet-based filtering in equation (11) to remove the slower TEC fluctuations due to the varying background ionosphere, Doppler shift, satellite/receiver motion, etc. Since the wavelet transform provides information both in time and frequency, it is very helpful in our case to separate out the high-frequency TEC fluctuations due to varying ionospheric irregularities which we need in this analysis for deriving w a
. Apart from that, the wavelet transform also preserves the local features of the signal [Starck et al., 1998; Torrence and Compo, 1998; Materassi and Mitchell, 2007] and this helps in reconstructing the signal after filtering for the estimation of true scintillation values compared to the HPF filters which result in misinterpretation of scintillation values if the cutoff frequency is increased [Forte, 2005 [Forte, , 2007 . The wavelet-filtered new analogous phase index w a can be given as
where VTEC ′ wav is the wavelet-filtered normalized standard deviation of the VTEC ′ wav given in equation (13) VTEC
where std is the normalized standard deviation of the VTEC ′ wav over 60 s after wavelet filtering.
Derivation of VTEC ′ wav
Using Wavelet-Based Filtering The wavelet transform can be defined as the multiplication of a signal x(t) by the scaled and shifted versions of a mother wavelet (t) over a given time interval. Mathematically, the continuous wavelet transform (CWT) can be given as
where s is the scaling parameter used for stretching or compressing the signal, is the position parameter used for delaying the signal along the time axis, and c(s, ) are the wavelet coefficients. The symbol * (.) denotes the complex conjugation. In the CWT, the mother wavelet * (.) acts as a window function the same as in the case of short-time Fourier transform (STFT), but, in the CWT, the window size is variable and depends on the scaling parameter s. In this analysis, we used the CWT for filtering the low-frequency TEC fluctuations in equation (13). However, the signal that we are using is a discrete time sequence, so in order to apply CWT on a discrete signal, we must use a discrete time version of the CWT. Suppose
The second term in equation (15), i.e., TEC
ΔM Δt
, represents the very low-frequency TEC fluctuations and can be neglected. The wavelet filtering must be applied on M (E)
, as it represents the high-frequency TEC fluctuations. The CWT of x [n] in discrete time can be given as
where N is the total number of data points for wavelet analysis. The wavelet transform in equation (16) 
then equation (16) can be rewritten as
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Equation (18) shows that wavelet transform is a convolution of x [n] with s [ − n] where for every given scale parameter s, convolution is to be performed for each value of (position parameter). In this analysis, we used the Morlet wavelet as our mother wavelet whose mathematical form is given in equation (19).
The reason for choosing the Morlet wavelet is its good time and frequency resolution [Torrence and Compo, 1998 ] and its nonorthogonality which, when analyzing TEC data, can be used to represent the very high and low frequency TEC fluctuations. The wavelet transform can be efficiently computed in the frequency domain by taking the discrete Fourier transforms of 
where t is the sampling interval,
is the angular frequency, and
is the normalization factor for the mother wavelet to have unit energy at every given scale parameter s. Equation (20) shows the wavelet transform as the inverse Fourier transform of the product of the Fourier transforms of x [n] and [n] . In frequency domain, the Morlet wavelet can be given aŝ
In equation (21), the selection of the scale parameter s is the most important factor for time/frequency versus scales representation and also for signal reconstruction, once filtering is done. Although arbitrary values for the scale parameter can be used, the scales used in our analysis are based on the fractional powers of 2 [Torrence and Compo, 1998 ]:
where s 0 is the smallest scale (s 0 = 2 t) and t is the sampling interval which is 1 s as we are using 1 Hz raw TEC data. J is the largest scale, j is the scale increment factor for fine resolution, and N is the total number of data points. A large s means that a more stretched wavelet in the time domain is used for wavelet analysis, whereas a small s means that a more compressed wavelet is utilized. A graphical representation of the wavelet transform of x[n] using 500 s long TEC 1 Hz data on 24 April 2012 at Trondheim (63.41 ∘ N, 10.4 ∘ E) is shown in Figure 1 . For this graphical representation, we generated a Morlet wavelet of arbitrary window length starting at scale s 1 . In Figure 1 , we can see that as the scaling parameter s is increasing, the wavelet is stretching in time domain and achieving a fine frequency resolution compared to small scales which provide better time resolution due to compressed wavelets. The grey vertical lines in the figure represent how the wavelet is being stretch with the increasing scale value and the area of the signal x[n] covered by the wavelet along the time axis for computing the wavelet coefficients C (s). The complete wavelet transform will result in wavelet coefficients C (s) for every possible value of the scale parameter s.
Once suitable values are selected for scale parameter s, filtering of the signal x [n] can be done by reconstruction through the inverse wavelet transform (ICWT) of the wavelet coefficients (C (s)) in equation (24) x n = ( j t 0.5
In equation (24), x n is the reconstructed signal after filtering, C (s j ) are the wavelet coefficients, C is a constant with a value of 0.776, 0 (0) is a constant with a value of 0.25 , and j 1 and j 2 are the upper and lower boundary limits for the scale parameter s. The filtering of the signal x[n] is achieved by discarding the scales which represent the low-frequency TEC fluctuations in equation (24). The selection of scales in equation (24) for performing wavelet filtering is discussed in the next section. 
Experimental Setup and Selection of Scales for Wavelet-Based Filtering
In order to select suitable scale boundaries (j 1 , j 2 ) in equation (24) for filtering the signal x[n], we calculated the wavelet coefficients of the signal through the Fourier transform using equation (20) . These wavelet coefficients were then used to construct the scalograms of the signal to show the wavelet statistical energy E(s, ) =| C (s) | 2 associated with the high-and low-frequency TEC fluctuations. For the calculation of wavelet coefficients in equation (20), the following values are used: t = 1, s 0 = 2 t, j = 0.125, and J is calculated from equation (20) which actually depends on the total number of data points used.
The data used for the scalogram generation was collected using a NovAtel GISTM GSV 4004B dual-frequency GPS receiver installed at Trondheim, Norway (63.41 ∘ N, 10.4 ∘ E). Two types of data were logged using the GISTM GPS receiver: data at 50 Hz used to estimate the amplitude and phase scintillation index (S 4 , ) and 1 Hz raw TEC data used in scalogram generation and the estimation of a and w a . Apart from this, the H and Z components of the Earth's magnetic field from Dombas (62.07 ∘ N, 9.11 ∘ E) close to Trondheim were used in order to measure the local geomagnetic activity associated with the storm. For Kp ≤ 5 case, the scalograms of the TEC fluctuations on 26 April 2012 are shown in Figures 2a-2i for the PRNs that were visible between 00:00 and 06:00 UT. The Kp plot is shown in Figure 2j where it is found that in the early hours of the day, there was a minor geomagnetic storm from 03:00 to 06:00 UT (shown by a red bar) preceded by a geomagnetic disturbance from 00:00 to 03:00 (shown by a yellow bar). The green bars show the no-storm case. In order to further confirm the effect of geomagnetic disturbance locally at Trondheim (63.41 ∘ N, 10.4 ∘ E), we also plotted the H component of the Earth magnetic field at Dombass (62.07 ∘ N, 09.11 ∘ E) close to Trondheim. The local variations in the Earth magnetic field also confirmed the disturbed ionosphere between 02:00 and 04:00 UT. When plotting the scalograms, the largest scale J is calculated based on the length of the data points using equation (23). For example, in Figure 2g , PRN 19 was visible for 5 h (00:00 to 05:00 UT). The total number of data points were found to be 17,260 when the satellite was visible and locked. In this case, the largest-scale J was calculated as 208 using equation (23) for the 5 h (00:00 to 05:00 UT) of data. The scales are then converted to their equivalent frequencies using equation (25).
Space Weather
In Figures 2a-2i , most of the power resides in the large scales/small frequencies (scales > 7s ∼(frequencies < 0.15 Hz)), depicting low-frequency TEC fluctuations which are due to satellite-receiver motion, Doppler shift and slowly varying background ionosphere, and need to be eliminated. However, some medium-to high-power TEC fluctuations were also observed for PRNs 6, 19, and 28 for small scales/high frequencies (scales < 6s ∼ (frequencies > 0.16Hz)) representing scintillation signatures for these PRNs between 02:00
10.1002/2015SW001183 and 04:00 UT due to the effect of a local minor storm. This also confirms that the wavelet transform can be used as an efficient tool for representing a true picture of scintillation signatures.
For Kp > 6 case, scalograms of the PRNs visible between 00:00 and 06:00 on 24 April 2012 are plotted in Figures 3a-3i when there was a severe geomagnetic storm. The Kp and the geomagnetic field plots for the day are shown in Figures 3j and 3k , respectively. A strong variation in the H and Z components of the geomagentic field at Dombas shows the local effect of the storm. If we look at the scalograms of the PRNs in Figures 3a-3i , we observe that all the PRNs are affected by the storm at different times between 00:00 and 06:00 UT as we can clearly see high-power TEC fluctuations (red and yellow spots) for small scales/high frequencies (scales < 7s ∼ (frequencies > 0.14 Hz)) depicting strong scintillation. PRNs 18, 19, and 28 are those which are highly affected during this time. In order to elaborate this further, let us consider the scalogram of PRN 19 in Figure 3g . Medium-to high-power TEC fluctuations are observed for this PRN from 00:00 to 03:00 UT for small scales (scales < 6s ∼ (frequencies > 0.15 Hz)) and hence resulted in high phase scintillation values. Also, there are low-frequency TEC fluctuations for large scales/small frequencies (scales > 7s ∼ (frequencies > 0.15Hz)) which must be removed for data filtering to consider only those TEC variations which are related to high frequencies and represent scintillation signatures.
Based on the discussion above and after carefully observing the scalograms of the scintillation events between August 2011 and September 2012, we removed the large scales (scales > 6s(frequencies < 0.15Hz)) and used only the small scales (scales < 6s ∼ (frequencies > 0.15 Hz)) in equation (24), which represent the high-frequency TEC fluctuations due to ionospheric irregularities.
A flowchart of the complete process of deriving w a from data collection to obtaining w a is shown in Figure 4 . The process actually starts by collecting raw GPS data in binary format which is then converted to ASCII. The ASCII data are then checked for cycle slips. If cycle slips are found, then the program will try to fix them. If the cycle slips are not fixed, then the program will start from the beginning by taking the next data set. If cycle slips are fixed or if there are no cycle slips, then VTEC will be computed which will then be used to compute the x[n] which needs to be filtered to remove the low-frequency TEC fluctuations. After applying the wavelet transform and rejecting the selected scales as mentioned in Figure 4 , the inverse wavelet transform is taken . Figure 5 shows the effects of filtering on the time derivative of TEC (ROT) in removing the low-frequency TEC fluctuations when a Butterworth filter with different cutoff frequencies was applied and was then compared with the wavelet filtering. The data used in Figure 5 were for PRN 19 on 24 April 2012 when there was a strong geomagnetic storm from 00:00 to 06:00 UT and for which high scintillation values were recorded during this time. In Figure 5 , Butterworth filtering with a 0.1 Hz cutoff frequency shows no effects on the original signal, and we can still see the slower trends which are not fully removed. Forte [2005] also mentioned that using the low cutoff frequency of 0.1 Hz will result in misleading information especially at high latitudes when there is weak to moderate scintillation as the filter may not be able to separate the diffractive effects from the refractive effects since diffractive effects are the main cause of scintillation due to small-scale irregularities at high latitudes. On the other hand, increasing the cutoff frequency to 0.3 Hz has somewhat removed the slower trends but has also removed the useful information which resulted in transforming the high scintillation event to medium scintillation event as shown in Figure 6 . It was also mentioned by Forte [2005] that increasing the cutoff frequency while estimating the phase scintillation may reduce the intensity of scintillation which can turn the high scintillation to moderate scintillation levels which we also observed in Figure 6 when we increased the cutoff frequency to 0.3 Hz when estimating the scintillation values. It can be seen in Figure 5 that filtering of the low-frequency TEC fluctuations using the wavelet transform has not only removed the slower trends but also saved the useful information. The scintillation estimation of the three indices based on the filtering effects are shown in Figure 6 for PRN 19 in the next section.
Performance Comparison Between w a , a , and
In this section, the performance of the small overestimation factor in case of a . On the other hand, a estimated using the 0.3 Hz cutoff has reduced the intensity of scintillation to moderate level as discussed above. The comparison is then made for the rest of the PRNs that were visible between 00:00 and 08:00 UT on 24 April 2012 in order to give a clearer view of the comparative correlation and scintillation intensities using the actual w a , a , and .
In Figure 7 , after comparing the results of all the PRNs on 24 April 2012, we observed that the TEC-derived indices ( w a , a ) are better estimating the scintillation values by taking into account the effect of both the background noise and the elevation angle compared to the conventional scintillation index . In Figure 7 , it is observed that there is a good correlation between the three indices when the elevation angle is higher than 30 ∘ . However, when the elevation angle drops below 30 ∘ , the overestimated scintillation values in case of becomes intolerable especially in the cases of PRNs 7, 8, 17, 18, 21, 28 , and 31 which definitely points to the fact that is unable to distinguish between the actual scintillation and the background noise. It was also mentioned by Forte [2005] that the index cannot distinguish between the actual scintillation and the background noise at low elevation angles and during weak to moderate scintillation conditions. For the TEC-derived indices, we also observed some unexpected high scintillation values in the case of PRNs 10, 13, and 23 for a short period of time in the beginning when the receiver was in lock state. It should be noted that the TEC-derived indices have a sampling rate of 1 Hz and use the dual-frequency observations compared to which operates at 50 Hz sampling rate, uses single-frequency observations, and has a very fast converging rate, i.e., 20 ms. Thus, the TEC-derived indices and behave differently during the lock phase and may have some errors in the beginning which can be discarded. In case of PRNs 10, 13, and 23, the receiver is in lock phase in the beginning and, due to a slow convergence rate along with other factors, gives a few (approximately 7 to 8) high scintillation values. The example taken in Figure 7 is for a single day when Kp ≥ 5;  although the reduction in the overestimated scintillation values using w a does not seem to be too appreciable, this analysis is extended in Figures 10 and 11 by plotting all the scintillation values for one whole year of data. The sky view plot of w a , a , and with respect to both the elevation and azimuth angle are shown in Figure 8 for the PRNs shown in Figure 7 .
The number of occurrences of w a , a , and are further calculated in Figure 9 for a complete 1 year data from October 2011 to September 2012 for Kp > 4 to show the daytime and nighttime scintillation activity using the magnetic local time (MLT) at Trondheim, Norway. It was also mentioned by Prikryl et al. [2014] that the scintillation activity is strongly associated with the MLT and, at high latitudes, is dominant during the nighttime due to the coupling between the solar wind, the magnetosphere, and the ionosphere. The probabilistic forecasting of phase scintillation was also presented by Prikryl et al. [2012] based on the arrival times, i.e., corotating interaction regions and interplanetary coronal mass ejections. In this analysis, only those events are considered where the scintillation values are greater than 0.3 to reflect a complete picture of scintillation activity during a weak to strong storm. In Figure 9 , the number of occurrences are high between 20:00 and 07:00 MLT Space Weather (premidnight and postmidnight) due to auroral activity resulting in high phase scintillation values as a result of ionospheric irregularities at high latitudes [Aarons et al., 2000; Prikryl et al., 2014] . It is also indicated by Basu et al. [1998] and Aarons et al. [2000] that due to F region blobs during a geomagnetic storm, the phase varies within ±3 TECU (total electron content unit, 1 TECU = 10 16 el m −2 ) and hence results in high scintillation values.
In Figures 10 and 11 , the scintillation values between the w a and a and between w a and are plotted for two different geomagnetic conditions (Kp < 5; Kp ≥ 5) by recording the data at Trondheim, Norway for a whole 1 year from October 2011 to September 2012. Furthermore, the comparison is made by dividing the data into four seasons to observe the seasonal variations in the scintillation occurrence pattern as well. Due to Trondheim being located at a high northern latitude, the seasons are defined as follows: autumn (21 September to 20 December), winter (21 December to 20 March), spring ((21 March to 20 June), and summer (21 June to 20 September). The corresponding correlation between the indices in each case is also determined by calculating the Pearson's correlation coefficient R [Cleff , 2009] . The Kp values are averaged every 3 h, so in 24 h there are eight Kp values divided into 3 h time slots. It should be noted that in Figures 10 and 11 , while plotting the scintillation values for w a , a , and , only those 3 h time slots are used where the Kp value was either greater than or equal to 5 (Figure 10 ) or less than 5 (Figure 11 ). In addition to this, minimum elevation angle cutoff of 20 ∘ was used in order to make sure that the elevation angle effect is minimal when estimating the scintillation values using the above indices. and a were also quite similar, and no unexpected differences in the scintillation patterns were observed for the Kp ≥ 5 case. On the other hand, the scintillation values comparison between the w a and in Figure 10b also showed a good correlation in all the four seasons with an average correlation coefficient of 0.78, although it is still lower than the average correlation coefficient that exists between the w a and a values. This is due to the overestimated scintillation values in the case of , although both the w a and values follow a very similar occurrence pattern (Figure 10b ) in all seasons. As discussed earlier, the high scintillation values in the case of could be most likely due to the selection of an inappropriate cutoff frequency in the detrending process which, at low elevation angles during strong scintillation conditions, results in high scintillation values as discussed by many researchers [Forte, 2005 [Forte, , 2007 Mushini et al., 2012] . Apart from the existence of a fairly good amount of correlation between the w a and values and also between those of w a and a , the similarity in the scintillation occurrence patterns shows that the w a is a very useful index to represent the phase scintillation activity at European high latitudes during strong scintillation conditions. It should be noted that some of the previously proposed indices using the wavelet transform Niu et al., 2012] are only tested for weak scintillation conditions with a very limited data set. and a (Figure 11a ) due to the similarity in the scintillation occurrence pattern and also due to the fact that both the estimation. However, the scintillation intensity and the number of scintillation events greater than 0.3 in the case of a were much higher compared to both the w a and . In Tiwari et al. [2013] , an average correlation factor of 35% was found between the and a for weak scintillation conditions (Kp < 5). The point to be noted here is that in Tiwari et al. [2013] , only those scintillation values were used for correlation which were greater than 0.2 and the reason behind the poor correlation may be the fact that the indices were derived from different data sources and with different sampling rates resulting in the possibility that the filtering effect using the digital filters could be quite different for a compared to . On the other hand, when w a was compared and correlated with in Figure 11b for all the four seasons, an average correlation coefficient of 0.70 was found between the two indices. However, at certain times in Figure 11b in all the four seasons, the . These values of cannot be considered as the true representative of the scintillation activity as Kp is less than 5 which can only result in scintillation activity of medium intensity at times when Kp is equals to 4. The w a values truly reflect the true representation of the scintillation activity based on the Kp index both for Kp < 5 and Kp ≥ 5 cases. It was also mentioned by Forte [2005 Forte [ , 2007 that is not a good indicator to distinguish between the actual scintillation and the background noise for weak to moderate scintillation conditions as, during these conditions, inappropriate filtering along with other additional factors led to high values, especially at low elevation angles, even when there is no actual scintillation present. It was also observed that during the winter season, the behavior of the w a and indices (Figure 11b ) was different during the prenoon and postnoon sessions (09:00-15:00 MLT) where the w a was consistently giving some medium-intensity scintillation values between 0.3 and 0.7, whereas reported low values during the same time. A further investigation revealed that on 7-9 March 2012, there occurred a strong geomagnetic storm with Kp as high as 7 during the prenoon and postnoon sessions. However, there were certain time slots where Kp was less than 5 but there was still a strong geomagnetic disturbance which resulted in scintillation of medium intensity for both the w a and a . At the same time, there were no scintillation values available from the NovAtel receiver for the index. This can be due to the frequent loss of lock of low-elevation PRNs which may be forcing the GISTM receiver into reacquisition at short intervals of time. During these situations, the GISTM receiver uses the lock time as a filter and rejects 240-300 s of data to avoid spurious values, and this results in losing five to six scintillation values in the event of a loss of phase lock. On the other hand, for the estimation of the w a index, the cycle slip is fixed before estimating the scintillation values as shown in the flowchart in Figure 4 , and hence less scintillation values are lost compared to the index.
In order to further determine the statistical significance of the Pearson's correlation coefficient, R, between the w a and a and also between the w a and , a population correlation coefficient, i.e., the p value [Cleff , 2009 ] is computed by setting a significance level of = 0.01 for both the Kp ≥ 5 and Kp < 5 cases in all the four seasons as defined in Figures 10 and 11 . The p value defines the probability of getting a correlation as large as the observed value by a random chance. The results of the p value based on the sample sizes are shown in the tables in Figure 12 where N denotes the sample size and the significance level highlights whether the p value is less than 0.01 or not. For Kp ≥ 5 case, Figure 12a1 shows the correlation significance test between the w a and a , whereas Figure 12a2 shows the correlation significance between the w a and . Similarly, for Kp < 5 case, Figure 12b1 shows the correlation significance between the w a and a , whereas Figure 12b2 shows the correlation significance between the w a and . In all the four seasons in both cases, i.e., Kp ≥ 5 and Kp < 5, the p value was found to be even less than 0.00001. If we consider the R values for the Kp ≥ 5 and Kp < 5 cases, which falls between 0.68 and 0.96, we can say that the correlation of the w a index with both the a and indices is highly significant at the 0.01 level. Based on the significance test, we can also reject the null hypothesis, H 0 , which states that there is no linear correlation against the alternative hypothesis, H 1 , that there is a correlation [Cleff , 2009] . Hence, we can say that there is a strong linear correlation between the w a and and also between the w a and a .
Although several researchers such as Mushini et al. [2012] and Niu et al. [2012] have reported the problem of filtering and used the wavelet transform, the analyses presented in those papers are limited and done only for a very short period of time (few minutes/hours), for weak scintillation conditions only and without considering any varying geomagnetic conditions which could verify that the methods used by them are a better estimate of the scintillation values. The w a
show that the overestimation factor can be reduced to a fairly low level which can obviously help in estimating more accurate scintillation values. The main reason for proposing w a was to use this index in GPS tracking loop so that the large tracking error variances due to the overestimation factor can be reduced to a fairly low level, improving the performance of a GPS receiver during scintillation conditions. The overestimated scintillation values lead to large tracking error variances which force the receiver to increase the noise bandwidth and hence reduce the receiver performance by allowing more noise to enter the tracking loop. In Tiwari and Strangeways [2015] , the overestimation factor in the case of a was leading to large tracking error variances which in future can be reduced by using the w a index.
Conclusion
A new improved analogous phase scintillation index ( w a ) is presented in this paper using a wavelet-transform-based filtering method to better represent the phase scintillation activity at European high latitudes. The improper filtering effects in the case of the previously proposed analogous phase index and the actual phase scintillation index was resulting in both overestimated and underestimated scintillation values especially for moderate to weak scintillation conditions. It is shown in this paper that the new proposed index can be used in all geomagnetic conditions as it has shown a good correlation with the previously proposed analogous phase index and the actual phase scintillation index. The main reason to propose the improved version of the previously proposed a index was its low computational cost since it uses the TEC measurements at 1 Hz rather than the 50 Hz data used in the conventional scintillation receivers for which the necessary calculations are much more computationally intensive. This makes w a a very good candidate for estimating the tracking error variance so that in future it can be effectively used for updating the tracking loop parameters of a GPS receiver during weak to strong scintillation conditions. The index can also be used as a regional alarming index for representing the phase scintillation activity at European high latitudes. In future, the performance of the w a will be validated by using the data from other stations at European high-latitude stations and also by using the data from the Canadian high latitudes.
